The machinery that mediates membrane fusion during yeast mating has remained elusive. But now a postgenomics approach has provided a powerful wedge into this difficult problem: a pheromone-induced multimembrane spanning protein has been identified as a key part of the mating machine.
We have recently come to appreciate fundamental similarities between the mechanisms of virus-cell fusion and intracellular membrane fusion. In contrast, there has been little progress in understanding how cell-cell fusion occurs. But this is now changing: a recent study [1] that has combined bioinfomatic, genetic and cell biological approaches has offered fresh insights into the problem using the model system of cell-cell fusion during mating of the budding yeast, Saccharomyces cerevisiae.
Genes involved in yeast mating
For a yeast cell, mating is a potentially hazardous experience. Before the cells can fuse, intervening cell wall material must be removed. Premature cell wall removal, however, would make the cells vulnerable to osmotic lysis. Accordingly, the events of cell fusion are carefully regulated so as to preclude a tragic outcome.
At least six steps have been identified in yeast cell fusion: induction of the pheromone response, prezygotic signaling, osmotic sensing, polarization of growth, cell-wall removal and plasma membrane fusion [2] . Each step is complex and may involve multiple components (Table 1) . Moreover, in many cases single mutants only weakly affect cell fusion, whereas fusion is completely blocked in double and triple mutants. As a final complexity, for some mutants it suffices for only one partner to be wild-type for fusion to proceed.
Induction of the pheromone-response pathway occurs by the mutual exchange of peptide pheromones and their interaction with specific plasma membrane receptors [3, 4] . Activation of the receptor is coupled to a trimeric G-protein, which in turn activates a mitogen-activated protein (MAP) kinase relay. Activation of the MAP kinase Fus3p splits the signal into three branches: transcriptional activation of pheromone response regulated genes, post-transcriptional blockade of the cell cycle, and an independent but uncharacterized pathway of fusion activation.
Later stages of mating require higher levels of pheromone signaling; mutations that partially reduce pheromone levels cause mating cells to arrest as 'prezygotes' [5, 6] . High levels of pheromone signaling are not, however, sufficient for fusion to proceed, as saturation of the pheromone receptors does not lead to premature cell fusion [7] . These results imply that additional, as yet unidentified, signaling events in the prezygote are required. Yeast cells also appear to monitor their osmotic balance before allowing fusion to proceed [8] .
Activation of the pheromone receptors also supplies positional information. Cells detect the gradient of pheromone and reorient their axis of growth towards the closest cell of the opposite mating type. A complex including Far1p, the βγ subunits of the trimeric G protein that is coupled to the pheromone receptor, and a nucleotide exchange factor for the small GTPase Cdc42p transmits the positional information to the cytoskeleton, independently of the MAP kinase relay [9, 10] .
Given the importance of the appropriate localization of the cell-fusion machinery, it is not surprising that proteins required for cell polarity are also required for cell fusion [7, 11] . During mating, the redirection of vesicle traffic to one region of the cell cortex causes cells to grow toward the mating partner and acquire a characteristic pear-shape [12] . As a result, in wild-type prezygotes, vesicles cluster on both sides of the region of close cell contact, where fusion will ultimately occur [11] . Several mutants disrupt vesicle clustering, in severe cases leading to misshapen 'peanut-shaped' mating cells and broad regions of close contact [11, 13] .
One goal of the carefully directed vesicular transport is the precise delivery of hydrolytic enzymes to remove the cell wall in the cell-fusion zone. The specific enzymes involved have not yet been identified. On the basis of genetic and morphological criteria, however, two proteins, Fus2p and Rvs161p, act in this pathway [11, 14] . Although vesicles cluster normally in the mutants for these proteins, cell-wall removal is slowed. When the walls are eventually removed, membrane fusion appears to occur normally.
Finally, the plasma membranes fuse. But how they do so has remained a mystery. In the most general sense, membrane fusion proceeds through two steps, specific membrane adhesion and bilayer fusion. In considering proteins that might constitute the yeast mating fusion machine, we draw on knowledge of viral and intracellular adhesion and fusion proteins.
Proteins involved in membrane adhesion and fusion
Virus adhesion is carried out by virus receptor binding proteins which engage host cell receptors. In the simplest case, one receptor binding protein engages one receptor. Fusion is then mediated by viral fusion proteins (Figure 1a , left). In some cases, for example influenza hemagglutinin and the HIV envelope glycoprotein, the fusion protein enacts both adhesion and fusion. Some viruses, such as herpesviruses, employ several viral glycoproteins and several host cell receptors to mediate Dispatch R17 Table 1 Genes required in the cell fusion pathway of Saccharomyces cerevisiae.
Step All viral fusion proteins share two important features. They are all type I, single-pass transmembrane proteins that contain two hydrophobic domains: a transmembrane domain, near the carboxyl terminus, and a fusion peptide, generally near the amino terminus. The fusion peptide is initially hidden in the fusion protein. In response to a trigger, the fusion protein undergoes conformational changes that expose and reposition the fusion peptide so that it can bind to the target bilayer. Subsequent conformational changes, which may involve formation of helical hairpins of coiled-coil domains, bring the two hydrophobic segments together and, in turn, the two membranesviral and target -to which they are anchored [15, 16] .
To mediate an intracellular transport event, vesicles must adhere and then fuse with a target membrane. According to the prevailing model, intracellular vesicles first adhere weakly to target membranes via a tethering complex. Once a proper contact has been verified, the vesicle docks. Docking is thought to involve partial association of SNARE proteins: a v-SNARE on the vesicle, and a set of t-SNAREs on the target membrane. Once triggered to fuse, the docked SNARE complex zippers the full length of its coiled-coil domains, thereby pulling the vesicle and target membranes together [17, 18] . Zippering of the (parallel) coiled-coil domains of the SNAREs serves the analogous function of forming the (anti-parallel) coiledcoil helical hairpin in some viral fusion proteins: bringing two hydrophobic domains, and hence two attached membranes, very close together [16] .
A common feature of viral fusion proteins, v-SNAREs and tSNAREs (at least one per set) is that they are all single-pass transmembrane proteins (Figure 1a ), the transmembrane domains of which have stringent requirements to properly execute a fusion reaction [19] [20] [21] . A second common feature is that both solo fusases, such as the influenza hemagglutinin, and fusase complexes, such as a v-/t-SNARE complex, have two hydrophobic domains. In the case of the SNAREs, one is in the donor and one in the target membrane. In the case of the viral fusases, one is in the viral membrane and one becomes inserted into the target membrane. A third common feature is that all known fusases, even ones without coiled-coil domains -such as the glycoprotein of tick-borne encephalitis virus -use conformational changes to bring their two hydrophobic domains, and hence their two attached membranes, into intimate contact. Given these similarities, we expect aspects of these mechanisms to extend to cell-cell fusion events.
In addition to the fusases, several multimembrane-spanning fusion facilitators have emerged as players (Figure 1b) . Multimembrane-spanning cell-surface proteins serve as either primary receptors or co-receptors for many retroviruses. The HIV co-receptor, a chemokine receptor with seven transmembrane domains, actively participates in fusion [22] . Integrin-associated 'tetraspanins' have recently emerged as fusion facilitators in two cell-cell fusion events: sperm-egg fusion [23] [24] [25] [26] and myoblast fusion [27] (as well as in virally induced cell-cell fusion reactions). With regard to intracellular fusion reactions, a group of tetramembrane-spanning proteins called SCAMPs appear to regulate or facilitate certain intracellular fusion events [28, 29] . So, a new theme in the fusion field appears to be the involvement of multimembrane-spanning proteins as fusion facilitators.
Prmps: novel membrane proteins involved in yeast mating
In their elegant new study, Heiman and Walter [1] took the leap of mining sequence databases for previously uncharacterized pheromone-induced membrane proteins. This was reasonable considering that both viral and intracellular fusases are membrane proteins (Figure 1a) , and as no protein emerged as a candidate fusase in classic mutant screens (Table 1 ). Their bioinfomatic screen yielded genes encoding ten novel 'pheromone-regulated membrane proteins', or Prmps. Each Prmp has one or more (up to five) predicted transmembrane domains. They chose to focus on Prmp1, the most strongly pheromone-induced protein in their set.
Prmp1 localizes to the site of mating, the 'shmoo' tip. It is predicted to be glycosylated and to span the plasma membrane five times. Most importantly, only about 50% of pairs of prmp1-null a a and α cells form zygotes. Prmp1 has to be present for efficient yeast mating, but only in one of the two mating cells. Further scrutiny of aborted prmp1-null mating pairs at the electron microscopic level revealed that the gametes make initial contact, locally break down their cell walls and approach closely, with a uniform gap of only 8 nanometres remaining between them. Their membranes do not fuse, however.
So, what is Prmp1? Formally there are three possibilities: Prmp1 could be a fusase, a fusion facilitator or a factor that works upstream of fusion. Given that all known fusases are single-pass transmembrane proteins (Figure 1a) , and that prmp1-null yeast cells are not completely sterile, we consider it unlikely that Prmp1 is the yeast mating fusase. It is, however, tantalizing to speculate that Prmp1 could be a fusion facilitator (Figure 1b) . Prmp1 resembles members of the tetraspanin family, plasma membrane proteins that somehow facilitate certain cell-cell fusion events, in that both present two relatively large loops to the extracellular side of the plasma membrane. Alternatively, Prmp1 could act upstream of the fusion process. It could be a protein involved in proper adhesion of the plasma membranes. Or, it could be a protein that signals the gametes to fuse.
The Holy Grail in the field of cell-cell fusion is the identification of a bona fide fusase. Candidates include members of the ADAM family, a group of single-pass transmembrane proteins. A subset of ADAMs expressed in cells that undergo cell-cell fusion, such as sperm or myoblasts, contain sequences that resemble viral fusion peptides [30] . Other membrane proteins have been suggested to participate in cell-cell fusion. We can now add to this group one (or more) of the Prmps identified by Heiman and Walter [1] . If Prmp1 is the yeast mating fusase, then it will be critical to determine how it functions and whether it has analogs in higher eukaryotes. If Prmp1 is not the yeast mating fusase, it will be equally important to determine the function of Prmp1, to see whether it has functional analogs in higher eukaryotes, and to continue the search for the real yeast mating fusase. These tasks have been simplified by the identification of a new group of yeast membrane proteins involved in mating -the Prmps.
